The metazoan nuclear envelope (NE) breaks down and re-forms during each cell cycle. Nuclear pore complexes (NPCs), which allow nucleocytoplasmic transport during interphase, assemble into the re-forming NE at the end of mitosis. Using in vitro NE assembly, we show that the vertebrate homologue of MEL-28 (maternal effect lethal), a recently discovered NE component in Caenorhabditis elegans, functions in postmitotic NPC assembly. MEL-28 interacts with the Nup107-160 complex (Nup for nucleoporin), an important building block of the NPC, and is essential for the recruitment of the Nup107-160 complex to chromatin. We suggest that MEL-28 acts as a seeding point for NPC assembly.
INTRODUCTION
The nuclear envelope (NE) of higher eukaryotes breaks down and re-forms during each cell cycle. Nuclear pore complexes (NPCs), which mediate nucleocytoplasmic transport, assemble both into the re-forming NE at the end of mitosis and into the interphase NE. Postmitotic NPC assembly occurs in an orderly, only partly understood manner and involves the recruitment of soluble and membrane-associated NPC components and also membranes to the decondensing chromatin in telophase (Hetzer et al, 2005; Prunuske & Ullman, 2006) .
A screen in Caenorhabditis elegans for factors essential for normal nuclear morphology led to the identification of MEL-28 (maternal effect lethal), a protein localized to the NE in interphase and kinetochores during mitosis (Galy et al, 2006) . A detailed study of its function in worms showed that mel-28 mutation or depletion of MEL-28 by RNA interference (RNAi) impairs nuclear integrity and leads to an abnormal distribution of both NE and NPC proteins (Fernandez & Piano, 2006; Galy et al, 2006) . Sequence analysis showed that C. elegans MEL-28 has orthologues in most multicellular eukaryotes, suggesting that its role in nuclear organization might be evolutionarily conserved. This prompted us to examine human and Xenopus laevis MEL-28 in more detail. The Xenopus egg extract system allows nuclear assembly in vitro (Lohka & Masui, 1983 ; for review see Gant & Wilson, 1997) and thus biochemical dissection of nuclear dynamics. Several steps in nuclear assembly have been identified. First, sperm DNA is decondensed by nucleoplasmin (Philpott et al, 1991) . Next, membranes and a subcomplex of the NPC, the Nup107-160 complex (Nup for nucleoporin), bind to chromatin (Walther et al, 2003a) . These processes can be separated experimentally, although they are likely to be coordinated during NE assembly in vivo. Subsequent events include fusion of membranes to form a closed NE, addition of further NPC components, import of lamins and nuclear growth accompanied by further chromatin decondensation.
Here, we show that vertebrate MEL-28 is an NE protein in interphase and redistributes to kinetochores in mitosis. It shares this behaviour with certain nucleoporins (proteins that constitute the NPC). Interestingly, immunoprecipitation experiments showed that MEL-28 interacts with the Nup107-160 complex, which is an important building block of the vertebrate nuclear pore. During nuclear assembly in vitro, MEL-28 is recruited to chromatin at an early time point. Immunodepletion of MEL-28 from extracts interferes with the formation of a functional nucleus at an early stage, leading to nuclei with a closed NE but without NPCs.
RESULTS AND DISCUSSION
Potential homologues of C. elegans MEL-28 were identified in mammals and X. laevis, although their overall sequence conservation was low (Galy et al, 2006) . The potential human MEL-28 homologue was previously identified as ELYS (embryonic large molecule derived from yolk sac) and was suggested to function as a transcription factor (Kimura et al, 2002) . ELYSdeficient mice die at early stages of development (Okita et al, 2004) , but the cause of death remains unclear. This prompted us to test whether the function of the protein is conserved between worms and vertebrates.
First, we generated antibodies against human and Xenopus MEL-28. The human antibody recognized a single major band of the expected size of 250 kDa in HeLa nuclear extracts and a minor, probably crossreacting band (Fig 1A) , whereas the frog antibody recognized a doublet in Xenopus extracts. Both in HeLa (Fig 1B) and Xenopus XL177 cells ( supplementary Fig 1 online) , the protein localized mainly to the NE in interphase, as indicated by co-staining with monoclonal antibody (mAb)414, an antibody that recognizes a subset of nucleoporins. This colocalization of MEL-28 and nucleoporins that can be stained with mAb414 could also be seen at higher resolution on the surface of the NE of human U2OS cells (Fig 1C) , indicating that MEL-28 localizes to NPCs. In addition to the NE staining, the protein showed nucleoplasmic staining ( Fig 1B) . During mitosis, vertebrate MEL-28 was detected on the chromatin surface and at kinetochores. Thus, the localization of the vertebrate protein was similar to that of C. elegans MEL-28.
To study the function of human MEL-28, we first carried out RNAi experiments in HeLa cells using a short interfering RNA (siRNA) oligonucleotide specific for human MEL-28 or control oligonucleotides. The expression of MEL-28 was progressively reduced at 48 h (not shown) and 72 h after transfection, as measured by staining the nuclear rim using a MEL-28-specific antibody (Fig 1D) . By contrast, LEM2 (LEM for lamina-associated polypeptide-emerin-MAN1), an inner NE protein (Brachner et al, 2005) , showed normal localization at the rim and no obvious reduction in antibody staining. mAb414 staining at the nuclear rim was reduced and cytoplasmic aggregates appeared (Fig 1D) , which corresponded to annulate lamellae, when analysed by transmission electron microscopy (TEM; supplementary Fig 2A  online) . This effect was even more striking in a second human cell line, U2OS (supplementary Fig 2B online) , and similar results were obtained in both cell lines with a second anti-MEL-28 siRNA (data not shown). This phenotype is reminiscent of that reported after depletion of nucleoporins of the Nup107-160 complex (Walther et al, 2003a) and suggests that depletion of MEL-28 affects NPC assembly.
To obtain a more detailed picture of MEL-28 function, we characterized the role of the protein in NE and NPC assembly in vitro in X. laevis egg extracts. Here, nuclear assembly is initiated by the addition of cytosol and membranes to sperm heads, which are free of endogenous 4E online) . First, we investigated at what point during NE formation MEL-28 is recruited to chromatin (Fig 2A) . Sperm head chromatin was decondensed with membrane-free cytosol for 5 min followed by the addition of membranes. The reaction was stopped by fixation at the indicated time points and samples were processed for immunofluorescence. MEL-28 was recruited to the chromatin early in nuclear assembly, diffusely staining the chromatin surface 5 min after the addition of cytosol. The binding of MEL-28 preceded detectable recruitment of the Nup107-160 complex, which is known to bind to chromatin early during assembly (Harel et al, 2003; Walther et al, 2003a) . The Nup107-160 complex signal on chromatin increased progressively, while mAb414 antigens became detectable after 20 min (Fig 2A) . At this time point, focal MEL-28 and Nup160 staining at the chromatin surface colocalized with mAb414. During the course of nuclear assembly, both signals increased and remained colocalized with mAb414.
Several aspects of nuclear assembly are controlled by the small GTPase Ran (Walther et al, 2003b) . Previous observations in C. elegans suggested that MEL-28 localization is affected by components of the Ran cycle (Fernandez & Piano, 2006) . To test whether the recruitment of MEL-28 to chromatin is triggered by RanGTP, we incubated sperm heads for 10 min with membranefree cytosol in the presence of 5 mM Ran mutants or buffer (Fig 2B) . The addition of RanQ69L, a constitutively active form of Ran, caused a strong recruitment of MEL-28 to chromatin as expected if RanGTP regulates this interaction. Adding RanT24N, which blocks the exchange of GTP onto endogenous RanGDP, did not alter MEL-28 levels on chromatin, suggesting that some MEL-28 can bind independently of Ran.
Next, we depleted MEL-28 from the extracts. As shown in Fig 3A, the Xenopus protein runs as a doublet and can be efficiently removed by passing the cytosol twice over an antibody resin without co-depleting nucleoporins Nup160, Nup107 or Nup93. When these depleted extracts were used for in vitro assembly, nuclei formed, as indicated by membrane staining (Fig 3B) , but they were smaller than control nuclei and mAb414 staining was absent (Fig 3B) . Two different nucleoporin depletion phenotypes that lead to loss of mAb414 staining have been described. In the absence of Nup155, pom121 (pore membrane protein) or NDC1 (nuclear division cycle protein), mAb414 staining is reduced or absent. Membranes dock to chromatin, but do not fuse to form a closed NE Franz et al, 2005; Mansfeld et al, 2006) . After depletion of the Nup107-160 complex, mAb414 staining is also absent, but the membranes form a closed NE lacking NPCs (Harel et al, 2003; Walther et al, 2003a) . Analysis by TEM of the nuclei assembled in the MEL-28-depleted extract showed that the chromatin remained highly condensed, whereas a closed NE that lacked NPCs formed on the chromatin surface (Fig 3C) .
To ensure that the NEs were closed in the absence of MEL-28, we used a nuclear exclusion assay (see the Methods for details and supplementary information online for comprehensive characterization). In brief, sperm chromatin was decondensed with recombinant nucleoplasmin and loaded with biotinylated histones. Nuclear assembly reactions were initiated on these chromatin templates by the addition of membranes and cytosol. At the end of the reaction, fluorescently labelled streptavidin was added, which can reach the chromatin-bound histones only if the NE is not closed. After quenching, the reactions were stopped by fixation and the nuclei were re-isolated and analysed by fluorescence microscopy. In control nuclei assembled in the mock-depleted extract, the fluorescently labelled streptavidin did not reach the chromatin, as indicated by the absence of a green signal (Fig 3D) with 99% of chromatin substrates excluding streptavidin. By contrast, when 10 mM RanQ69L was added to the reaction to prevent closed NE formation (Hetzer et al, 2000) , the chromatin was stained intensely (with only 1% of chromatin templates excluding streptavidin). Nuclei assembled in MEL-28-depleted extracts showed no streptavidin labelling on the chromatin (98% of chromatin substrates excluded streptavidin), indicating that the NEs were uniformly closed ( Fig 3D) and also confirming the light and electron microscopic data given above. The depletion phenotype indicated that MEL-28 is important early in NPC assembly. To assess further the molecular mechanism by which MEL-28 acts, we set out to identify and characterize its interaction partners. For this, cytosol was passed over a MEL-28 immunoaffinity resin. After intensive washing, several proteins were eluted with MEL-28 and identified by mass spectrometry as Nup160, Nup133, Nup96, Nup107 (all members of the Nup107-160 complex) and importin-b (known to associate with this complex; Fig 4A) .
Western blot analysis using antisera specific for several nucleoporins showed that components of other NPC subcomplexes such as Nup205, Nup155, Nup98 or Nup93 were not co-immunoprecipitated in these experiments (Fig 4A) . Nup107 antibodies co-precipitated MEL-28, confirming the interaction (Fig 4B) . As shown above, depletion of MEL-28 led to a similar Xenopus egg extract for 5 min and membranes were added to the reaction. Assembly reactions were stopped by fixation at the indicated time points after the addition of cytosol and analysed by confocal microscopy after immunofluorescence using Nup160 antibodies (green, upper panel), MEL-28 antibodies (green, lower panel) or mAb414 (red). Chromatin was stained with DAPI (blue in the overlays). Scale bar, 10 mm. (B) Membrane-free cytosol was preincubated on ice for 15 min with 5 mM RanQ69L, RanT24N or buffer and then added to sperm head chromatin. The reactions were stopped by fixation after 10 min and samples were processed for immunofluorescence with MEL-28 antibodies. Non-specific binding of the antibodies to chromatin is shown after incubation with heat-inactivated extracts, which were free of the respective antigens, that is, conditions that allow only decondensation of sperm DNA. Scale bar, 10 mm. DAPI, 4,6-diamidino-2-phenylindole; mAb; monoclonal antibody; MEL, maternal effect lethal; Nup, nucleoporin. phenotype in NE assembly as depletion of the Nup107-160 complex (Harel et al, 2003; Walther et al, 2003a) . However, removal of MEL-28 did not deplete the Nup107-160 complex from the cytosol (Fig 3A) . Depletion of the Nup107-160 complex removed some MEL-28 from extracts, but did not remove it completely (Fig 4C) . This suggests that a fraction of MEL-28 binds to the Nup107-160 complex, but there are independent free pools of MEL-28 and of the Nup107-160 complex in the cytosol. This was confirmed by size-exclusion chromatography: extracts were separated on a Superose 6 gel filtration column and the fractions were analysed by western blotting (Fig 4D) . A fraction of both MEL-28 and constituents of the Nup107-160 complex co-eluted early after the void (peak in fractions 4-6). However, both MEL-28 and the Nup107-160 complex also eluted in additional, nonidentical peaks in fractions 8-10 and 14-18, respectively (Fig 4D) , indicating that free pools of MEL-28 and of the Nup107-160 complex exist. As depletion of either MEL-28 or the Nup107-160 complex resulted in a similar NE phenotype and both bind early to chromatin, we examined whether recruitment of one would be dependent on the other. When MEL-28-depleted extracts were used in a chromatin-binding reaction using membrane-free cytosol (Walther et al, 2003a) , no recruitment of Nup160 was detected after 20 min as compared with mock-depleted extracts (Fig 4E) . By contrast, when the Nup107-160 complex was depleted from extracts, MEL-28 still bound to chromatin (Fig 4E) . This indicates that MEL-28 is necessary for the recruitment of the Nup107-160 complex to chromatin and thus acts earlier than the Nup107-160 complex in NPC assembly.
Conclusion
In summary, we have demonstrated that vertebrate MEL-28 localizes to the nuclear rim in interphase and on kinetochores during mitosis; it is important for NPC assembly both in mammals and Xenopus. We have shown that MEL-28 interacts with the Nup107-160 complex, an important building block of NPCs. When MEL-28 was depleted from Xenopus extracts, nuclei formed with a closed NE but with highly condensed chromatin, and NPCs were absent, a phenotype similar to that reported for the depletion of the Nup107-160 complex. However, the similar phenotypes were not due to co-depletion of MEL-28 and the Nup107-160 complex. Instead, MEL-28 was shown to be required for the recruitment of the Nup107-160 complex to chromatin. We suggest that MEL-28 acts as an anchoring platform for the Nup107-160 complex on chromatin and serves as a seeding point for NPC formation on the chromatin surface. MEL-28 association with chromatin is therefore the earliest event in NPC assembly identified so far.
METHODS
Molecular cloning and protein purification. A full-length complementary DNA of Xenopus MEL-28 was generated by reverse transcription-PCR using X. laevis oocyte RNA as template and primers designed according to Xenopus expressed sequence tags. Human MEL-28 was PCR amplified from HeLa cDNA with primers designed according to the published ELYS sequence (Kimura et al, 2002) . Imageclones IMAGp998D1112243Q3, IMAGp998N1114482Q3 and IMAGp998L218243Q1 for Xenopus Nup93, Nup205 and Nup160 were used as templates, respectively (Imageclones, RZPD, Deutsches Ressourcenzentrum fü r Genomforschung, Berlin, Germany).
Fragments of human MEL-28 (aa 1,572-2,266) and Xenopus MEL-28 (aa 1,602-2,120), Nup93 (aa 1-230), Nup160 (aa 1-414) and Nup205 (aa 1-230) were cloned into pET28a and expressed as a hexahistidine fusion protein in Escherichia coli strain BL21 (DE3) Rosetta or BL21 (DE3), purified using standard protocols and used for antibody production in rabbits. Antibodies against Nup107 and human LEM2 have been described previously (Walther et al, 2003a; Ulbert et al, 2007) . mAb414 was purchased from Covance Research Products (Mü nster, Germany). Cell culture, RNA interference and immunofluorescence. HeLa K and U2OS cells were kind gifts from Jan Ellenberg and Ulrike Kutay, respectively. For RNAi experiments, we used the siRNAs (sense sequences) MEL-28 (AATATCTACATAATTGCTCTT) and control (AATCGAAGTATTCCGCGTACG) at 50 nM final concentration and transfected using HiPerfect (Qiagen, Hilden, Germany). Exclusion assay. For an assembly reaction, 1,500 sperm heads were incubated with 10 mg recombinant nucleoplasmin core and 0.5 mg biotinylated core histones (prepared using core histones (Upstate, Millipore, Schwalbach, Germany) and sulpho-NHS-LC-Biotin (Pierce, Perbio Science, Bonn, Germany)) for 30 min at 20 1C. Floated membranes were bound to the chromatin template for 10 min. Nuclear assembly was initiated by the addition of 15 ml cytosol, 20 mg/ml glycogen and an ATP-regenerating system. After 2 h, 0.05 mg Oregon green-labelled streptavidin was added for 10 min. The reaction was quenched by the addition of The indicated proteins were identified by mass spectrometry after silver staining (left) or by western blotting with respective antisera (right) after immunoprecipitation from cytosol. Two high-molecular-weight bands that stain weakly on the silver gel represent MEL-28 (not shown). The asterisk indicates a background signal for p62. (B) Co-immunopreciptation of Nup107 and MEL-28: immunoprecipitations were performed from cytosol with antibodies against MEL-28, Nup107 or Nup205 as a control. The indicated proteins were identified by western blotting with respective antisera. (C) Depletion of the Nup107-160 complex reduces but does not fully deplete MEL-28: extracts were depleted of the Nup107-160 complex by two passages over an affinity resin. Untreated starting material, mock-depleted extracts and Nup107-160-depleted extracts after each round of depletion were analysed by western blotting with the indicated antisera. (D) Both MEL-28 and the Nup107-160 complex exist as free pools: extracts were separated on a Superose 6 gel filtration column and analysed by western blotting for the indicated proteins. Fraction 1 corresponds to the void; elution of dextran 2000 and ferritin markers for 2,000 and 550 kDa, respectively, are indicated. (E) MEL-28 is recruited to chromatin in the absence of the Nup107-160 complex, but not vice versa: sperm heads were incubated for 20 min in mock-depleted, Nup107-160-depleted, MEL-28-depleted or heat-inactivated extracts, fixed and analysed by immunofluorescence. Chromatin (upper row, blue) is stained with DAPI. MEL-28 or Nup160 (green) is shown in the lower row. Scale bar, 10 mm. 1st, first round; 2nd, second round; DAPI, 4,6-diamidino-2-phenylindole; MEL, maternal effect lethal; Nup, nucleoporin.
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